The present study was (i) to prepare two types of selenium nanoparticles, namely an amorphous form of selenium quantum dots (A-SeQDs) and a crystalline form of selenium quantum dots (C-SeQDs); and (ii) to investigate the nano-bio interactions of A-SeQDs and C-SeQDs in MCF-7, HepG2, HeLa, NIH/3T3, L929 cells and BRL-3A cells. It was found that A-SeQDs could induce the mitochondria-mediated apoptosis, necrosis and death of cells, while C-SeQDs had much weaker effects. This polymorphsdependent anti-proliferative activity of nano-selenium was scarcely reported. Further investigation demonstrated that A-SeQDs could differentially regulate 61 proteins and several pathways related to stress response, protein synthesis, cell migration and cell cycle, including "p38 MAPK Signaling", "p53 Signaling", "14-3-3-mediated Signaling", "p70S6K Signaling" and "Protein Ubiquitination Pathway". This was the first report to demonstrate the involvement of protein synthesis and post-translational modification pathways in the anti-proliferative activity associated with NMs. Compared with previously fragmentary studies, this study use a nanomics approach combining bioinformatics and proteomics to systematically investigate the nano-bio interactions of selenium nanoparticles in cancer cells.
The high resolution-transmission electron microscopy (HRTEM) observations indicated the different sizes and polymorphs of the different SeQDs. From the results shown in Fig. 2c -e, the two samples were both the well-dispersed QDs with the average diameters of 2.25 ± 0.19 nm for A-SeQDs (Fig. 2c ) and 4.10 ± 0.04 nm for C-SeQDs (Fig. 2e ). In addition, the existence of a diffused halo ring rather than any detectable rings or spots in the selected-area electron diffraction (SAED) pattern of A-SeQDs (inset of Fig. 2c ) further revealed the formation of the amorphous product. In comparison, the SAED pattern of C-SeQDs exhibits the obvious diffraction spots (inset of Fig. 2e ), further confirming the formation of the crystalline product.
Results from the ξ -potential measurement revealed that both SeQDs samples had the good stability under the physiological conditions. The ξ -potentials of the samples in H 2 O, phosphate buffer solution (PBS), and Dulbecco's modified Eagle medium (DMEM) were determined to be − 38.5, − 21.3, and − 23.8 mV for A-SeQDs (Fig. 3a) and − 35.5, − 17.1, and − 18.3 mV for C-SeQDs (Fig. 3b) , respectively, proving that two SeQDs possessed good stability and carried net negative charges under the physiological conditions. The formation of the stable and clear dispersions of two SeQDs in PBS further confirmed the stability of SeQDs under the physiological conditions (inset of Fig. 3a,b) .
Optical properties of SeQDs were determined. The UV-Vis spectra showed that A-SeQDs exhibited stronger absorbance between 200~377 nm and weaker absorbance between 378~800 nm than C-SeQDs (Fig. 4a) . The solid photoluminescence (PL) determination revealed that SeQDs had the good PL properties (right in Fig. 4b ). Results demonstrated that QDs exhibited the emission peak centered at 605 nm for A-SeQDs and 614 nm for C-SeQDs when excited with light at a wavelength of 475 nm. In order to further test the PL properties of SeQDs, the excitation spectra were measured. The emission wavelength was set in 605 nm for A-SeQDs and 614 nm for C-SeQDs. From the results (left in Fig. 4b ), the absorption peaked at 476 nm for A-SeQDs and 478 nm for C-SeQDs. These results were in agreement with the above-mentioned emission result, further confirming the PL property of the SeQDs.
Detection of cytobiology activity and internalization of two SeQDs. The anti-proliferative effects of two SeQDs forms on various cells were determined using thiazolyl blue tetrazolium bromide (MTT) assay. The results indicated that SeQDs exhibited the polymorphs-dependent anti-proliferative effects on various cancer cells. In Fig. 5 , the red bands represent the anti-proliferative effects of A-SeQDs on different cells with different treatment times, while the green bands represent those of C-SeQDs. IC 50 values of A-SeQDs in Hep G2 (Fig. 5d) , MCF-7 (Fig. 5e) , and HeLa cells (Fig. 5f ) are 0.0757 mM, 0.0953 mM, and 0.2754 mM, respectively. However, the IC 50 values in normal cells including NIH 3T3, L929, and BRL-3A cells were undetectable (Fig. 5a-c) , suggesting that A-SeQDs selectively inhibited the proliferation of cancer cells. Furthermore, with the increase of doses (5 nM to 2.56 mM) and treatment time (24 to 72 h), the anti-proliferative effects of A-SeQDs significantly increased in a dose-dependent and time-dependent manner. In contrast, C-SeQDs just slightly inhibited the proliferation of all the test cell lines and the IC 50 values were undetectable, suggesting that the anti-proliferative activity of SeQDs is polymorphs-dependent.
Given the important functions of internalization for the anti-proliferative effects of NMs, the internalization of two SeQDs were determined by transmission electron microscopy (TEM) observations using Hep G2 cells as an example. Results showed that A-SeQDs (dark spots in Fig. 5g,h ) and C-SeQDs (dark spots in Fig. 5I ,j) could be both effectively internalized into Hep G2 cells via vacuole-like vesicles (or membrane-bound vesicles), and tended to form clusters. Furthermore, the cellular uptake efficiencies of SeQDs were evaluated by ICP-MS analysis. From the results shown in Fig. 6 , the intracelleular concentrations of SeQDs in Hep G2 cells are significant different. The intracelleular concentration of C-SeQDs (0.0123 pg/cell) is about 3.5 times higher than that of the A-SeQDs (0.0027 pg/cell) and 15.4 times higher than that of the control (0.0008 pg/cell). It is surprising that the higher intracelleular concentration of C-SeQDs than A-SeQDs does not lead to the stronger anti-proliferative effect on cancer cells, suggesting the intersample dose-independent anti-proliferative effects.
Cell Cycle and apoptosis determination by flow cytometric analysis. To determine the possible mechanisms of the polymorphs-dependent anti-proliferative activity of SeQDs, effects of two SeQDs on the cell cycle distribution were analyzed by flow cytometric analysis. As shown in Fig. 7a , Hep G2 cells were easier to be arrested in S phase after A-SeQDs treatment. When treated by 0.16 mM of A-SeQDs for 72 h, the percentage of the S phase increased from 24.61% of the control group to 39.70%. However, the percentage of the S phase treated by C-SeQDs was 24.36%, almost as same as the control group. Moreover, the cyan peak of the apoptotic and necrotic cells of the A-SeQDs treatment group was significantly higher than that of the C-SeQDs treatment group (Inset of Fig. 7a ), most likely attributable to the stronger inhibition effects of A-SeQDs on mitosis and proliferation of cancer cells. These results were well in agreement with the above anti-proliferation results.
To distinguish the effects of two SeQDs on apoptosis and necrosis of cancer cells, the percentages of the dead, viable, apoptotic and necrotic cells of Hep G2 cells were determined by Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) double-staining flow cytometric analysis. Results showed that A-SeQDs rather than C-SeQDs could significantly induce the late apoptosis (upper right quadrant in inset of Fig. 7b ) of cancer cells. After treated by 0.16 mM of A-SeQDs for 72 h, the percentage of the late apoptotic cells significantly increased to 11.5%, much higher than those of the control group (1.82%) and the C-SeQDs treatment group (2.79%) (insert of Fig. 7b ). These results suggested that the different anti-proliferative effects of A-SeQDs and C-SeQDs on cancer cells were polymorphs-dependent at late apoptosis stage.
Co-localization with the mitochondria by confocal laser scan microscopy. Considering the significant apoptosis-inducing effect of A-SeQDs on cancer cells and the important roles of mitochondria in the regulation of apoptosis 30, 31 , the mitochondria of the model cells exposed to A-SeQDs were visualized by confocal laser scan microscopy (CLSM) to investigate whether A-SeQDs could co-localize with the mitochondria. Meanwhile the co-localization coefficient was evaluated by Pearson's correlation factor 32 . From the results (Fig. 8) , the fluorescence of A-SeQDs (Fig. 8a2 ) and the red fluorescence of the Mitochondrial Tracker (Fig. 8a1) overlapped well each other. This clearly indicates that A-SeQDs could co-localize with the mitochondria of Hep G2 cells. The Pearson's correlation factor was determined as 0.80 (Fig. 8a4) , indicating the preferential accumulation of A-SeQDs mainly in the mitochondria of Hep G2 cells 33 . From Proteomics analysis based on bioinformatics. To systematically and deeply study the molecular mechanisms of the polymorphs-dependent anti-proliferative effects of SeQDs on cancer cells, proteins regulated by SeQDs were detected using nanomics. The representative 2D gel images for whole cell proteins extracted from Hep G2 cells were shown in Fig. 9 . The proteomic maps of the control and the treated cells were compared using ImageMaster 2D Platinum 7.0 software to identify the protein spot variations. After treatment, significantly differentially expressed protein spots (p < 0.05) with 1.5-fold change in intensity were scored. Based on the differentially expressed proteins for A-SeQDs treatment, 61 proteins including 29 up-regulated and 32 down-regulated proteins could be identified. Tables 1 and S1 (see Supplementary Information) presented the identified proteins.
The identified proteins are categorized based on their cellular locations, namely cytoplasm (37.71%), cell membrane (18.03%), mitochondrion (16.39%), nucleus (13.11%), endoplasmic reticulum (ER, 8.19%), and extracellular matrix (6.56%), respectively (Fig. 10a) . Furthermore, in order to better understand the biological relevance of the changes in protein expression in response to SeQDs, the proteins are classified into 7 groups based on their functions, including stress response, signaling pathway and transduction, protein biosynthesis and metabolism, cell cycle, cell adhesion and migration, metabolism, and oxidation-reduction process.
To systematically and comprehensively study the anti-proliferative mechanisms of A-SeQDs and C-SeQDs, bioinformatics including Ingenuity Pathway Analysis (IPA) and hierarchical clustering analysis were used to compare the protein expression profiles between the samples. The studies indicated that different SeQDs exhibited discriminatively prominent effects on biological functions and canonical pathways of Hep G2 cells. The biological function patterns of the identified proteins were clustered and the results were shown in Fig. 10b . Firstly, A-SeQDs induced apoptosis, necrosis and death of the tumor cells, while C-SeQDs had much weak effects on these cellular processes, which were consistent with the above results. Secondly, it was logical that the functional enrichment and clustering analysis was to mainly focus on death and survival of the tumor cells.
To further clarify the important signaling pathways related to the anti-proliferative activities of SeQDs in Hep G2 cells, pathway analysis was performed to connect the differentially expressed proteins with canonical biological pathways by IPA software. A Benjamini-Hochberg corrected Fischer's exact test was utilized to calculate the p-value associated with a canonical pathway (Fig. 10c) . Results showed that A-SeQDs exhibited more pronounced and global impact on various canonical pathways than C-SeQDs, especially the pathways in relation to cell survival such as the apoptosis pathways "p53 Pathway", "p38 MAPK Signaling" and "14-3-3 mediated Signaling" 34 , and protein synthesis such as "PI3K/AKT-mTOR/p70S6K Signaling" and "Protein Ubiquitination Pathway" 35, 36 . Although previous studies indicated that the anti-proliferative activities of selenium-containing compounds can be attributed to the Akt/Mdm2/AR controlled apoptosis or induction of S phase arrest 37, 38 , our results reveal that cooperation of multiple pathways generates functional difference between different Se samples.
Subsequently, the proteins with the important roles in multiple pathways are summarized and discussed. As suggested by IPA results (see Supplementary Table S2) , some differentially expressed proteins may play multiple roles in mediating multiple pathways. For example, the level of 14-3-3 protein in Hep G2 cells exposed to A-SeQDs showed significant down-regulation over 7-fold (no significant change exposure to C-SeQDs) in comparison with control group. As a family member of multifunctional phosphoserine binding molecules, 14-3-3 protein serves as an effector of survival signaling 39 . This study demonstrates that when treated by A-SeQDs, down-regulation of 14-3-3 protein could exert direct or indirect influence on differential changes of multiple pathways, especially "p70S6K Signaling", "p53 Pathway", "14-3-3 mediated Signaling", "DNA damage-induced 14-3-3σ Signaling", and "Cell Cycle: G2/M DNA Damage Checkpoint Regulation" (see Supplementary Table S1) . It means that A-SeQDs might exhibit the anti-proliferative activity through the regulation of the 14-3-3 expression and the related multiple pathways, not just limited to the previous reports. In addition, thioredoxin reductase 1 (TRXR1) showed approximately 3-fold up-regulation upon exposed to A-SeQDs, which was confirmed by western blotting analysis (Fig. 11 , see Supplementary Figure S5 for full-length blots online). As a key element of the thioredoxin system, this protein applies to the detoxification of reactive oxygen metabolites and the signaling processes 23 . The overexpression of TrxR implied the disorder of the intracellular redox homeostasis, which might induce the significant apoptosis of the target cells.
Our analysis showed that A-SeQDs exhibited significant influence on heat shock proteins (HSPs) ( Table 1 ). The levels of HSPs family members (HSP90, HSP70, and HSP27), except for the heat shock factor-binding protein (HSPBL), were significantly down-regulated upon exposure to A-SeQDs rather than to C-SeQDs. However, HSPBL was significantly up-regulated upon exposure to A-SeQDs rather than C-SeQDs. It is well-known that HSPs are one of the most conserved cytoprotective warriors against apoptosis and oxidative stress 40, 41 . The down-regulations of HSPs induced by A-SeQDs in Hep G2 cell indicated the dysfunction of protection, contributing to the anti-proliferative effects. It was worthy to notice that the changes of HSPs expression in comparison with the control group were related to the changes of multiple pathways especially "Protein Ubiquitination Pathway" and "p38 MAPK Signaling" (see Supplementary Table S2 ). It could be therefore concluded that HSPs might serve as an indicator of potential anti-proliferation targets or effector of A-SeNPs.
Additionally, ER stress associated proteins 78 kDa glucose-regulated protein (GRP78) and ER resident protein 29 (ERP29) were significantly up-regulated in both A-SeQDs and C-SeQDs treated groups (Table 1) . Meanwhile, protein disulfide-isomerase A3 (PDIA3), namely ERP57, showed significant upregulation after A-SeQDs treatment. These results agree well with western blotting analysis results (Fig. 11 , see Supplementary Figure S5 for full-length blots online). The overexpression of these proteins could be regarded as the indicator of ER stress response 42 . As reported, over-expression of ERP29 was inversely correlated with tumor progression due to induction of apoptosis and inhibition of cell cycle in a variety of cancer cells 43 . When ER stress happens, ER chaperon (GRP78) dissociates from the ER transmembrane proteins, leading to the activation of transmembrane proteins. Therefore, high-expression of ER-associated proteins can be considered as the self-protective mechanism of HepG2 cell against SeQDs. However, recent findings uncovered that the junction between the ER and the mitochondria played a crucial role in cell death regulation 44 . Under ER stress condition, mitochondria-associated membrane induces apoptosis via the ER-mitochondria interaction and further the mitochondria dysfunction 44 . Equivalently differential ER stress response to two polymorphs of SeQDs would be helpful to understand equivalently loss of Δ ψ m (see Supplementary Figure. S1 ).
Conclusion
This research was to study the nanomics of two polymorphs of SeQDs including A-SeQDs in cancer cells. It was the first time to demonstrate the anti-proliferative activity of SeQDs was polymorphs-dependent with A-SeQDs being much more effective than C-SeQDs in cancer cells. This was most likely A-SeQDs had more effective influence on breaking the mitochondrial membrane, depleting the mitochondria potential, inducing the apoptosis and the cell cycle arrest in S phase. Nanomics approach was used to study the underlying mechanisms. Results showed that A-SeQDs could alter 61 proteins functionally related to metabolism, protein synthesis and post-translational modification, and involved in various signaling pathways, such as "p53 Pathway", "p38 MAPK Signaling", "14-3-3 mediated Signaling", "p70S6K Signaling", and "Protein Ubiquitination Pathway". The protein synthesis and post-translational modification pathways including "p70S6K Signaling" and "Protein Ubiquitination Pathway" were first reported to be involved in the anti-proliferative effects of NMs. These findings propose a molecular basis for further unraveling the mechanisms of the anti-proliferative effects of NMs on cancer cells. The idea employing nanomics as a tool to study the interaction between a nanoparticle and cancer cells is powerful. Cell lines and cell culture. The cell lines used in this study were all purchased from American Type Culture Collection (ATCC, Manassas, VA), including MCF-7 breast adenocarcinoma cells, Hep G2 human heptoblastoma cells, HeLa human cervical carcinoma cells, and NIH/3T3 mouse fibroblast cells. They were cultured in RPMI-1640, DMEM, or EMEM medium supplemented with 10% heat-inactivated FBS, penicillin (100 units/mL), Streptomycin (100 μ g/mL), amphotericin B (0.25 μ g/mL) at 37 °C in a humidified incubator at fully humidified atmosphere at 37 °C. 5% CO 2 and 95% room air.
Anti-proliferative effects evaluation. The anti-proliferative effects of SeQDs were determined by MTT colorimetric assay. Briefly, culture media (100 μ L) containing test cells with initial cell density of 2.5 × 10 4 cells/mL were seeded separately in the wells of sterile 96-well microplates and incubated for 24 h. Then, SeQDs dispersions in culture media with different concentrations were added and incubated for 24 h, 48 h, and 72 h, respectively. The treatment of cells with culture media rather than SeQDs was prepared as the control. After treatment, MTT was added to each well and incubated for 5 h. Then the supernatant was removed and DMSO were added to dissolve the dark blue crystals completely. The absorbance of the solution in each well at the wavelength 570 nm was measured by a MK3 microplate reader (Thermo Fisher Scientific Inc.). The anti-proliferative effects of different samples were calculated by the following equation. The data were reported as mean ± standard deviation (SD) based on triplicate measurements. Statistical analysis was performed using one-way ANOVA statistical package in OriginPro 9.0. were washed with ice-cold PBS and resuspended in ice-cold PBS. Finally, cells were incubated with RNase and PI and analyzed by a FACSCalibur flow cytometer.
CLSM analysis. Hep G2 cells cultured in 35 mm confocal dish with cover glass bottom were stained with Mitochondrial Tracker (1 μ g/mL). After washed twice with PBS, cells were cultured in medium containing A-SeQDs for 4 h on a thermo-cell culture FCS2 chamber and analyzed by Carl Zeiss Cell Observer (Jena, Germany). Protein extraction. Cells were washed with PBS, collected, and re-suspended in lysis buffer containing urea (7 M), thiourea (2 M), CHAPS (4%), dithiothreitol (20 mM), Pharmalyte pH 3-10 (0.5%), protease inhibitor mix, and nuclease mix. Protein concentrations were determined using non-interference protein assay kit (SK3071, Sangon Biotech., China) according to the manufacturer's instruction.
Evaluation of loss of
Two dimensional gel electrophoresis. For analytical and preparative gels, protein samples (350 μ g) were loaded into the rehydrated 24 cm non-linear Immobilized pH gradient (IPG) strip (pH 3-10, nonlinear). The first dimensional isoelectric focusing (IEF) run was carried out using the following conditions: (i) 30 V, 10 h; (ii) 60 V, 3 h; (iii) 100 V, 1.5 h; (iv) 500 V, 1.5 h; (v) 1000 V, 2h; (vi) 1000-10000V, 3h; (vii) 10000 V-140000 Vh. This was followed by the second dimensional SDS-PAGE, performed on 1.0 mm polyacrylamide gels (12.5%) at a constant power of 10 W per gel at 16 °C by using Ettan DALTsix electrophoresis system (Amersham Biosciences). All samples were run in triplicate to ensure reproducibility.
Protein visualization and image analysis. 2 D gels were visualized by staining with Coomassie blue. The stained gels were scanned by an image scanner and all the triplicate gels were then analyzed with ImageMaster 2D Platinum 7.0 software (GE Healthcare).
MALDI-TOF/MS and MS/MS.
The differentially expressed protein dots were cut from the gels to prepare dry extract. Dry extract was re-dissolved in matrix solution (1 mL) containing acyano-4 hydroxycinnamic acid (CHCA, 5 mg/mL) in trifluoroacetic acid (0.1%) and acetonitrile (50%). The extract was spotted onto the MALDI target plate and allowed to dry in air prior to MS analysis using an MALDI-TOF/TOF Mass Spectrometer (Applied Biosystems 4800 Proteomics Analyzer, Framingham). The peptides and proteins were identified by using GPS explorer software Version 3.6 (Applied Biosystems) and MASCOT search engine (Version 2.1; Matrix Science).
Western blotting. Protein extracted from cell lysates as described above was resolved on SDS-PAGE gel and transferred onto PVDF membrane via semidry transfer (BioRad). Membranes were blocked in 3% BSA and washed in Tris-buffered saline with 0.1% Tween. Membranes were incubated with 1:500 primary antibody (anti-β -actin, anti-Grp78, anti-PDIA3, anti-TRXR1, purchased from Abcam) followed by the corresponding secondary antibody with 3 washing steps in between. Protein bands were developed with chemiluminescence kit.
Bioinformatics analysis. Categorization of protein functions was performed based on Uniprot/TrEMBL database search. Ingenuity Pathway Analysis (IPA, http://www.ingenuity.com) was used to determine the distribution of identified proteins and their participation in molecular networks related to carcinogenesis. Detailed information of the identified proteins including accession number and expression changes were imported to IPA software to perform the analysis based on Ingenuity Knowledge Base. The functions and involved pathways of each protein obtained from IPA analysis was then clustered by Cluster 3.0 and TreeView software.
Statistical analysis. All the biological experiments were carried out at least in triplicate, and the results were expressed as mean ± SD. Differences between two groups were analyzed by one-way analysis of variance (ANOVA) multiple comparisons.
